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Abstract 
Metal-matrix composites (MMCs) have been increasingly used in automotive and aerospace industries because of their 
superior properties compared to unreinforced alloys. These materials are difficult-to-machine by conventional machining 
methods because of the hard and abrasive reinforced particles. The present work investigates the effect of voltage, electrolyte 
concentration and feed rate on radial over cut in electrochemical drilling of Al/B4Cp metal matrix composites. Experiments have 
been conducted on electrochemical machine according to the principles of Taguchi’s design of experiments method. Regression 
analysis was employed to develop mathematical model for radial over cut. Adequacy of the developed mathematical model has 
been tested using analysis of variance. Effect of machining parameters and their interactions were studied through the contour 
plots. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Organizing Committee of GCMM 2014. 
Keywords: Metal matrix composites, electrochemical machining, Taguchi method, radial over cut 
1. Introduction 
Demand for metal matrix composites have been increasing in different fields in recent years.  Among the different 
types of metal matrix composites, in the field of aerospace, defence, biomedical and automobile industries, 
Aluminium-based composites find their applications because of the properties like improved hardness, low wear 
rate, high specific strength, etc. Some of the important applications are automobile pistons, cylinder liners, piston 
rings, bearings, connecting rods, sliding electrical contacts, turbo charger impellers, space structures, etc. [1].  
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High hardness silicon carbide or aluminium oxide or boron carbide particles are generally used as reinforce material 
for aluminium alloys but the machining cost is high to machine these metal matrix composites [2]. The 
machinability of metal matrix composites has received considerable attention because of high tool wear associated 
with machining. Turning, milling, drilling or threading of metal matrix composites reinforced with alumina particles 
are extremely difficult due to their excessive abrasive properties [3]. Studies on the machinability of light alloy 
composites reinforced with alumina/silicon carbide, fibers/particles resulted abrasive wear of tools and indicate poor 
machinability    [4, 5]. Tool wear leads to deterioration of the quality of machined surface [6]. As conventional 
machining methods leads to high tool cost and high tool wear, unconventional machining methods offers an 
attractive alternative. Munda et al. used response surface methodology to investigate the electrochemical 
micromachining characteristics by taking material removal rate (MRR) and radial over cut (ROC) as objectives [7]. 
They developed mathematical models for MRR and ROC in terms of pulse on/off ratio, machining voltage, 
electrolyte concentration, voltage frequency and tool vibration frequency.  Evolutionary algorithms and fuzzy logics 
were used by RamaRao et al. [8, 9] to model the ECM by considering voltage, feed rate, gap and current as 
machining parameters and surface roughness and material removal rate as responses. Senthilkumar et al. used 
response surface methodology to develop mathematical models in electrochemical machining of LM25 Al/10%SiC 
composites [10]. Grey relational analysis was used Kao et al. [11] for simultaneous optimization of passivation 
strength of electrolyte and surface roughness in electrochemical polishing of steel. Asoken et al. optimized the 
electrochemical machining parameters like current, voltage, gap and feed rate using multiple regression and artificial 
neural network models [12].  
The present work deals with fabrication of Al/5%B4Cp composites and investigates the effect of machining 
parameters such as feed rate, voltage and electrolyte concentration on radial over cut in electrochemical drilling of 
these composites. Analysis of variance was used to test the adequacy of the developed mathematical model. 
 
 
Nomenclature 
A applied voltage 
Al aluminium 
B  feed rate 
B4C boron carbide 
C electrolyte concentration 
DOF degree of freedom 
OA  orthogonal array 
ROC radial over cut 
 
2. Design of experiment based on Taguchi technique 
Taguchi techniques were widely used in engineering analysis. In this, in order to obtain the information 
about the behaviour of a given process, data is acquired in a controlled way. The greatest advantage of this method 
is the saving of effort, experimental time and cost to conduct the experiments, and discovering significant 
parameters quickly. Taguchi’s robust design is a commanding tool to design a high-quality system. In solving some 
taxing problems of manufacturing, Taguchi experimental design methods are employed with the combination of 
quality loss function concept in order to develop robust designs of processes and products [13]. For the purpose of 
observing the degree of influence of the machining parameters in ECM, three factors, each at three levels, are taken 
into account, as shown in Table 1. 
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Table 1. Machining parameters and their range for the experiments 
 
Machining  
Parameter Unit Code 
Levels 
1 2 3 
Voltage  Volts A 12 16 20 
Feed Rate  mm/min B 0.2 0.6 1.0 
Electrolyte Concentration g/L C  10 20 
30 
 
 
The degree of freedom (DoF) for each parameter is calculated as follows [13]. 
DoF = number of levels -1                                                                                      (1) 
Therefore, for every factor, DoF is: 3-1=2 
In the present work, Taguchi L9 orthogonal array was used for conducting nine experiments at different 
parameters. L9 orthogonal array has eight degree of freedom. Out of these, 6 were allocated to three parameters 
(each two) and 2 were assigned to the error. 
3. Experimental work 
Aluminium-Silicon alloy (87.8 Al, 11.25 Si, 0.14 Mn, 0.46 Fe, 0.16 Ti, 0.1 Mg, 0.08 Cu, 0.01 Ni and 0.01 
Zn) reinforced with 5 weight percent of boron carbide with a particles size 30 μm was fabricated through stir casting 
technique. METATECH ECM equipment was used to conduct the experiments as shown in Fig 1. A tool with 
circular cross section of 145 mm2, made up of copper was used in machining. Lateral surface of the tool is coated 
with a epoxy layer of 200 μm. Sodium chloride solution was used as electrolyte, since it does not has passivation 
effect on the surface of the workpiece [14]. All the experiments were conducted by maintaining an inter electrode 
gap of 0.5 mm and an electrolyte flow rate of 10 L/min. Diameter of the drilled hole is measured using vernier 
caliper and the radial over cut is calculated as: 
Radial over cut (ROC) = (Hole diameter – Tool diameter) / 2.                                                                      (2) 
 
 
Fig. 1: Experimental setup of electrochemical machine 
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Taguchi L9 orthogonal array and the experimental results are given in Table 2.  
      Table 2. experimental design layout and observed values for ROC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Mathematical modeling 
The correlation between the considered machining parameters and Radial Over Cut (ROC) was obtained 
using linear regressions.  A linear mathematical model is developed for radial over cut in the form of: 
 
ROC  =  b0 + b1 (Voltage) + b2 (Tool feed rate) + b3 (Electrolyte concentration) + ε                                     (3) 
 
Where b1, b2 and b3 are estimates of the machining parameters and ε is the error. The regression model was derived 
using statistical software package MINITAB 14. The regression equation obtained in coded form as follows: 
 
ROC  =  0.826 + 0.0983*Voltage - 0.0667*Feed rate + 0.025*Electrolyte concentration                            (4) 
5. Optimal level of machining parameters 
In this section, results of S/N ratio, main effect plots and analysis of variance (ANOVA) for the responses 
were discussed. From the results of mean S/N ratio and analysis of variance, the optimal parametric combination is 
achieved. 
5.1. Analysis of S/N ratio 
In Taguchi method, desirable value is represented the term signal and undesirable value is represented by 
the term noise. Regardless of the category of the response characteristics, a greater signal to noise ratio corresponds 
to a better performance. Therefore, the optimal level of the parameter is the level with the highest signal to noise 
ratio and always gives the optimum quality with minimum variance [15]. The S/N ratio for each parameter level is 
calculated by averaging the S/N ratios at the corresponding level. Table 3 shows the response table for S/N ratio of 
radial over cut obtained for different parameter levels. From Table 3 it is observed that A1 B3 C1 is the optimum 
level combination for lower radial over cut and voltage has the greater influence on ROC followed by feed rate and 
electrolyte concentration. 
 
Exp.  No. A B C Radial over cu (mm) 
1 1 1 1 0.87 
2 1 2 2 0.84 
3 1 3 3 0.79 
4 2 1 2 1.01 
5 2 2 3 0.99 
6 2 3 1 0.86 
7 3 1 3 1.12 
8 3 2 1 1.02 
9 3 3 2 0.95 
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Table 3. Response table of S/N ratio for radial over cut 
 
 
 
 
 
 
 
 
 
 
 
 
 
a optimum level  
5.2. ANOVA 
ANOVA is a statistical tool based on objective decision-making for detecting any differences in the 
average performance of groups of objects tested. ANOVA helps in determining the effects of the different factor 
level combination through an analysis of their variability.  In the analysis, the F-ratio is a ratio of the mean square 
error to the residual error. F-ratio is used to determine how statistically significant a particular factor is to the overall 
experiment. The P-value reports the significant or insignificant parameter on the responses. Percent contribution is 
defined as the contribution rate of each machining parameter on the radial over cut. All the considered parameters 
have significant effect on the radial over cut since there P values are less than 0.05. From Table 4 it can be observed 
that the voltage, feed rate and electrolyte concentration affect the radial over cut by 65.44%, 30.22% and 4.31% in 
electrochemical drilling of Al/5%B4Cp composites, respectively.  
Table 4. Analysis of variance for radial over cut 
Source of 
variation DoF 
Sum of 
squares (S) 
Variance 
(V) 
F-ratio 
(F) 
P-value 
(P) 
Percent 
contribution 
A 2 0.058956 0.029478 2653.00 0.000 65.44% 
B 2 0.027222 0.013611 1225.00 0.001 30.22% 
C 2 0.003889 0.001944 175.00 0.006 4.31% 
Error 2 0.000022 0.000011   0.03% 
Total 8 0.090089    100% 
 
Based on the signal to noise ratio and ANOVA analysis, the optimum machining parameters for radial over cut 
in electrochemical drilling of Al/5%B4Cp composites are: Voltage – 12 volt, Feed rate – 1 mm/min and electrolyte 
concentration – 10 g/L. 
6. Effect of machining parameters on radial over cut 
Based on the mathematical model developed (Eq. 4), the study of the effects of various machining 
parameters on ROC has been made in order to achieve the controlled ROC. Figure 2 shows the effect of various 
machining parameters on the radial over cut in electrochemical drilling of Al/B4Cp composites.  
 
Level Voltage Feed rate Electrolyte concentration 
1 1.59050a 0.04628 0.78255a 
2 0.43697 0.47657 0.62450 
3 -0.23695 1.26767 0.38346 
Max-Min 1.82744 1.22140a 0.39908 
Rank 1 2 3  
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Fig. 2: Effect of voltage, feed rate and electrolyte concentration on radial over cut 
 
 
Radial over cut increases with increase in voltage. The increase in the voltage leads to greater electrolyzing 
current in the Inter Electrode Gap (IEG) and greater stray current intensity, which causes to higher ROC. Radial 
over cut decreases with increase in feed rate, due to the operation stability at higher feed rates and reduces the 
removal of material in lateral direction of the hole [16]. Greater volume of reaction products, e.g. sludge’s and 
precipitations are formed at higher electrolyte concentration and leads to the initiation of gas bubbles, e.g. O2, H2, 
etc. These effects leads to the possibility of the passage of stray current to the machining periphery thereby increase 
the ROC [17]. 
 
Figure 3 shows the contour plots for the response radial over cut at different voltages, feed rates and 
electrolyte concentrations. The contour plot predicts the radial over cut at any zone of the experimental domain.  
From Fig. 3 it is observed that radial over cut increases as the voltage increases and decreases with increasing feed 
rate.  The minimum radial over cut was achieved at lowest voltage and highest feed rate combination. From Fig. 4 it 
is observed that radial over cut increases with increasing voltage and electrolyte concentration. The controlled over 
cut was achieved at the lowest voltage and lowest electrolyte concentration combination.  From the above results the 
minimum radial over cut in electrochemical drilling of Al/B4Cp metal matrix composites is obtained at low voltage, 
maximum feed rate and less electrolyte concentration. 
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Fig. 3: Contour plots for radial over cut 
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Fig. 4: Contour plots for radial over cut 
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7. Conclusions 
From the results of the electrochemical drilling process using the regression analysis, ANOVA and Taguchi 
technique the following conclusions are drawn: 
 
1. A mathematical model was developed to predict the radial over cut in electrochemical drilling of Al/B4Cp metal 
matrix composite. 
2. Design of experiments based on Taguchi method were performed to analyze optimal machining parameters for 
the radial over cut in the electrochemical drilling and it is obtained that voltage - 10 V, feed rate - 1 mm/min 
and electrolyte concentration - 10 g/L is the optimal parametric combination. 
3. Statistical results show that the voltage, feed rate and electrolyte concentration affects the radial over cut by 
65.44%, 30.22% and 4.31% in electrochemical drilling of Al/5% B4Cp composites, respectively. 
4. Radial over cut increases with increasing voltage and electrolyte concentration and decreases with increasing 
feed rate.  
5. The radial over cut model produced during this research work may be used in enhancing the hole quality as the 
machining parameters are optimized.  
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